Development
Introduction
Precise regulation of gene expression is essential for development and environmental adaptation of all organisms. The temporal and spatial expression patterns of genes are controlled in large part by short cis-regulatory elements containing binding sites for transcription factors and which are embedded within the non-coding regions of the genome (Zhao et al., 2007) . By interactions with the basal transcription apparatus and other regulatory proteins, transcription factors determine either activation or repression of target genes within a particular cell, tissue or organ type (Levine, 2010) . Therefore, identification of regulatory regions conferring specific expression in a given tissue, organ, developmental stage or environmental condition constitutes an important step towards deciphering the transcriptional logic of gene expression and development (Levine, 2010) .
The completion of the Arabidopsis genome a decade ago has paved the way for a comprehensive analysis of the transcriptional networks underlying its development. A plethora 0925-4773/$ -see front matter Ó 2012 Elsevier Ireland Ltd. All rights reserved. http://dx.doi.org/10.1016/j.mod.2012.03.002 of genome wide analysis of the Arabidopsis transcriptome was obtained from a diverse set of organs, tissue and growth conditions. These data have provided us with an unprecedented knowledge of the expression dynamics of the Arabidopsis genome. In particular, several high resolution maps of the root transcriptome, across both developmental stages and cell types have been generated (Birnbaum et al., 2003; Nawy et al., 2005; Brady et al., 2007; Dinneny et al., 2008; IyerPascuzzi et al., 2011) and allowed the deciphering of the transcriptional networks specifying root tissue identity Brady et al., 2007 Brady et al., , 2011 Breakfield et al., 2012) . The AtGenExpress dataset consists of expression profiles of more than 22,000 genes across 79 different organs (development dataset) (Schmid et al., 2005) as well as under eight abiotic stress conditions in aerial and root organs (Kilian et al., 2007) . The AtGenExpress dataset offer the opportunity to understand the transcriptional logic underlying organspecific gene expression and open the possibility for an unbiased identification of new marker genes. Principal component analysis of the development dataset has identified sets of marker genes whose expression is specific of a given organ type (pollen, roots, flower, etc.) (Schmid et al., 2005) . But it is still unclear whether the tissue specific expression of these marker genes is due to transcriptional cis-regulation. Previous work has established that for transcription factors, 3 Kb of upstream regulatory sequence were sufficient to drive the inferred tissue-specific expression pattern based on microarray analyses (Lee et al., 2006) . However, it remains open whether this property applies to other type of gene products and whether a combinatorial set of regulatory elements and/or a unique enhancer drives organ-specific gene expression.
Here, we describe a de novo computational method for identification of genomic sequences that confer root-specific gene expression, as well as the experimental analysis of the predicted promoter sequences. We developed a computational pipeline to mine the available AtGenExpress atlas and to identify Arabidopsis thaliana genes presenting a root-specific expression in plants grown under standard or challenging conditions. We then validated that the root-specific expression of these genes was evolutionary conserved by determining the expression of their direct orthologs in the sister species Arabidopsis lyrata. By quantifying the degree of co-expression between the candidate genes and the surrounding genes, we defined segments of DNA sequence conferring root-specific expression. We then experimentally tested the functionality of nine predicted root-specific regions. Six of them drove gene expression in root. Analysis of the promoter sequences suggested the presence of combinatorial cis-elements regulating complex patterns of gene expression instead of a unique organspecific enhancer in roots. However, three evolutionary-conserved motifs were identified and their functional relevance tested by mutagenesis. This resulted in alteration of root-specific expression, establishing that these motifs are functionally relevant. Although we focus on root-specific gene expression in this work, we expect the method to be generally applicable to many other organ-specific sequence identification tasks.
Results

In silico identification of root marker genes
Principal component analysis (PCA) of the gene atlas of Arabidopsis development (AtGenExpress-development, Schmid et al., 2005) revealed that despite the large overlap in genes expressed in many organ systems, each is characterised by a distinct transcriptional signature reflecting overall morphological similarity. To identify root marker genes, we used the absolute expression values obtained by gcRMA to select highly expressed genes (gcRMA value >6) in all seven root samples present in the dataset and simultaneously absent (gcRMA value <4) in all other non-root samples (72 conditions). In agreement with Schmid et al., only 27 genes expressed specifically and solely in roots were identified in this first step (Figs. 1 and S1 and Table S2 ).
If these genes are bona-fide marker of root identity, their expression should remain root-specific in a broad range of conditions. To further test this, we used the AtGenExpress abiotic stress dataset (Kilian et al., 2007) . For this dataset, the transcriptional profile of root and leaves/shoots was determined for 18 d old plants subjected to eight different abiotic stresses (osmotic, drought, salt, cold, heat, wounding, oxydative and UV). We determined the absolute expression estimates for all these conditions using gcRMA and searched which of the 27 genes remained highly expressed even in plants submitted to various stresses. To this end, we kept a gene if its expression index in leaves and shoots samples stayed low in all conditions tested (gcRMA value <4) and high (gcRMA value >6) in 80% of the conditions (n = 110, Fig. S2 and Table S2 ). 13 out of the initial 27 genes showed root-specific expression even in a diversity of challenging growth conditions.
We then assessed whether the root-specificity of expression of these genes was evolutionary conserved. First we identified homolog genes in the genome of A. lyrata, which diverged from A. thaliana $10 million years ago (Table S2) . Second, we analysed in A. lyrata the expression of eight genes for which clear orthology with A. thaliana could be assigned (Table S2 ). We performed RT-PCR analysis on RNA from purified A. lyrata root and leaf organs. For seven out of the eight tested lyrata homologs of thaliana's root marker genes, expression was detected preferentially in the root organ (Fig. 2) . Expression of the at4g07820 homolog was not detected at all. In the same conditions, expression of actin was detected equally in root and leaf samples.
Taken together, we have identified a set of root marker genes, whose root-marker character is conserved in A. thaliana and A. lyrata and their expression remains stable under a range of environmental conditions.
Delineation of the root marker genes cis-regulatory regions
The next step was the definition of regulatory genomic regions likely to contain cis-elements conferring root-specific expression to these genes. First, we analysed whether the root-specific expression pattern of these genes was also shared by their neighbouring genes, an indication of the existence of a control region able to influence several genes. To this end, we calculated the Pearson correlation coefficient (PCC) between each of the 13 genes and their surrounding genes (three upstream, three downstream) in the AtGenExpress development dataset. The average PCC between the candidate gene and their flanking genes was 0.04. Four genes appeared co-expressed (PCC > 0.8) with one of their surrounding gene. We discarded from our analysis the three genes for which at least one non-co-expressed gene was intercalated between the pair of co-regulated genes. For only one gene (AT5G60530) co-expression affected two genes flanking each other (AT5G60530 and AT5G60520, PCC = 0.960). In this case, this pair of genes did not present any significant correlation with the adjacent genes (PCC = 0.238 for AT5G60540 and PCC = À0.210 for AT5G60500, Fig. S3 ). As the intergenic distance between the two genes was less than 1 Kb, we kept this gene pair for further analysis. After this step, 10 genomic regions encompassing root-specific candidates were kept.
We then defined the cis-regulatory regions containing the elements responsible for the root-specific expression of the candidates using the following boundaries. 
In planta validation of the genomic regions
The candidate regulatory regions were amplified by PCR from genomic DNA and used to generate Gateway entry clones, which were recombined upstream of a GUS-GFP cassette (Karimi et al., 2007a,b) . A total of nine regulatory regions were amplified and cloned (Table 1) . These vectors were used to generate transgenic Arabidopsis plants. We performed GUS activity staining on eight to twelve independent primary transformants from each of the nine cis-regulatory regions. Out of those, GUS signal was detected only in roots of six lines. For a given regulatory region, the pattern of GUS staining was very similar among the primary transformants, indicating that the root-specific expression pattern was dependent on putative cis-elements present in the construct rather than on the site of transgene insertion in the genome.
The pattern and intensity of GUS expression within the root was specific of each regulatory region (Table 1) . Intense expressions were obtained in lines HH29, HH31 and HH32, whereas HH24 was the weakest and HH27 and HH28 expressed at intermediate levels. All reporters, except HH24, were expressed in the root apex. The expression patterns described below are those of 7-day-old plants but were unchanged in older plants (up to floral transition, not shown). Whole mount staining and histological sections revealed expression in the apical and lateral root cap cells (Fig. 2 ) of lines HH27, HH31, HH28 and HH32. In the two latter lines, expression was detectable solely in the root cap cells differing only by the GUS staining intensity. In line HH31 GUS expression was also detected in the epidermal cell layer of the meristem as well as in the mature region of the root, becoming less intense with increasing distance from the root apex ( Fig. 3) . In line HH27, GUS staining was detected only in root cap and the epidermal cells of the meristematic zone. In line HH29 we did not detect expression in the root cap, but a signal was observed in the epidermis of the root apex as well as in the cortex and epidermal cell layers of the mature root (Fig. 3J ). Finally, in the HH24 line GUS expression was absent from the root apex but detected it in the mature section of the root ($1-2 mm from the root tip). Histological sections revealed expression in the endodermis (Fig. 3) .
The root-specificity of the regulatory region was assayed by direct observation of the stained aerial parts of 10-dayold plants ( Fig. 3Y-AD) . Aerial organs presenting GUS activity were only detected in line HH31, at the basis of the young leaves ( Fig. 3AC ) whereas in all other cases, there was no detectable signal.
We then studied the ontogeny of the expression patterns produced by these six regulatory regions during the first days after germination. Expression in the root cap of lines HH27, HH28, HH31 and HH32 was readily detectable 1 day after germination (1DAG) and persisted thereafter (Fig. 4) . Expression in lines HH27 and HH28 was patchy at 1DAG but became uniform at 2DAG. In lines HH27, HH28, HH31 and HH32 the expression patterns observed in 7-day-old plants ( Fig. 3) were already in place at 2DAG, whereas for lines HH24 and HH29 several days were required to establish the final patterns. In line HH24, GUS expression in the endodermis and pericycle of the mature root was only detected from 4DAG onward. In the line HH29, GUS expression initiated in the non-meristematic zone at 2DAG and in the root meristem from 3DAG. By 4DAG, the expression pattern remained unchanged.
Although each analysed regulatory sequence governs a specific expression pattern, there is a strong bias toward expression in the root apex in contrast to mature parts of the root (five out of six markers). As these candidates have been selected on the basis of keeping a root-specific expression under challenging growth conditions, we wanted to test whether this feature was positively correlated with their expression in root meristems. We thus clustered the expression of the original 27 root genes (before analysing expression under stress conditions) according to their longitudinal profile of expression (Brady et al., 2007) (Fig. S5A) . Only six out of 27 genes had an expression predominantly in the root apex (stages I and II according to (Brady et al., 2007) ), a proportion significantly lower than in the set selected for stable expression under stress (five out of six, p = 0.0062, Chi-square test).
Taken together, these results show that six out of the nine tested regulatory regions resulted in high root-specific expression for a reporter gene. For five of these regions, this expression is exclusively associated to the root organ. Each regulatory region shows a unique expression in specific parts of the root and particular expression levels.
Expression under stress conditions
The regulatory regions identified correspond to genes whose expression remained stable under a variety of abiotic stresses. In order to experimentally test if the regulatory region cloned can confer stable and root-specificity expression, the effects of a variety of stresses (cold, heat, salinity, osmotic, and oxidative) on the pattern of expression of the GUS reporter were investigated. Under all tested stress conditions, GUS expression remained specific of the root system and no expression was detected in the shoot ( Fig. 5 and not shown). Even though the overall pattern of GUS expression in the root remained unchanged, the intensity of GUS expression was modified in a manner specific of each regulatory region. Heat stress reduced the expression of GUS in the line HH27. Salt stress reduced the expression of GUS in lines HH27, HH31 and HH32, whereas osmotic stress potentiated reporter gene expression of the line HH32. This result indicates that although the strength of expression conferred by the regulatory regions can be influenced, the organ specificity of the reporter expression is conserved under a variety of conditions.
Ontogeny of the root marker expression
In the in silico analysis, seed samples were classified as nonroot organ. However, a significant portion of gene expression would come from the root in these samples. We therefore studied the ontogeny of the expression patterns produced by these six regulatory regions at the mature, bent cotyledon, torpedo and heart stages. In HH31 and HH32 lines, root apex expression could be observed at the bent cotyledon and mature embryo stage (Fig. 6C, D, G, and H) . No expression was detected at earlier stages for the HH31 line. In line HH32, GUS activity could be detected at the heart and torpedo stages but corresponded to extra-embryonic tissue (chalaza, Fig. 6E and F) .
Motif composition of the root-specific regulatory regions
In order to analyse whether the root-specific expression of our set of regulatory regions is due to specific cis-element(s), we looked for over-representation of discrete elements (6-8 bp) in the regulatory regions we identified. We used three independent algorithms, Weeder (Pavesi et al., 2004) , MeMe (Bailey et al., 2009) and MDScan (Liu et al., 2002) , which all look for motifs statistically more abundant in a given set of sequence compared to a randomly chosen set. Three different motifs were identified by the three methods as overrepresented in all validated root-specific regions ( Table 2 ). The first overrepresented motif (M1, TACATGT) is very close from the z-box (ATACGTGT) motif involved in the developmental expression of the cab1 gene (Ha and An, 1988 ) and the motif recognised by AtMYC2 (CACATG). The second motif (M2, ACT-TATA) resembles the I box (CTTATC) whereas the third one (M3, ATAAAAC) is almost identical to the SOLREP2 motif (ACGTTTTAT). The average number of occurrence of each motif per Kb of cis-regulatory regions ranged from 2 to 8. We then tested whether the co-occurrence of the three motifs in these . For all panels, GUS activity staining was stopped after 30 mn for HH31 and HH32, 3 h for HH27, HH28 and HH29 and 24 h for HH24. Scale bar: 50 lm.
regulatory regions was statistically significant. For this we calculated how many times all three motifs occurred in nine sequences of the same length as our set of regulatory elements when those were randomly chosen a thousand times from the genome. Our analysis revealed that in our set the three motifs tend to co-occur more than expected by chance (p < 0.05).
We have shown that A. lyrata orthologs of A. thaliana root marker genes were also expressed preferentially in the root (Fig. 2) . We then asked whether, in A. lyrata, the root-specific expression of these genes also correlated with over-representation of the M1-3 motifs in their regulatory regions. Although clear homology between the transcribed regions of the genes was observed between A. thaliana and A. lyrata, alignment of their cis-regulatory regions revealed very little conservation (not shown). However, when the degree of over-representation of the M1-3 motifs in the cis-regulatory regions of A. lyrata was quantified, the three motifs were over-represented in these regions compared to a randomly chosen set of intergenic sequences (p < 0.05).
Therefore, despite an overall low degree of sequence conservation, the cis-regulatory regions of homologous genes characterised by the same expression pattern, present the same bias in motif composition.
2.7.
The motifs over-represented in the root-specific regulatory regions are functionally relevant
To test the functional relevance of these motifs, we mutated them in the context of the two smallest cis-regulatory regions we validated (HH24 and HH28, Figs. 7A and S7). Transgenic plants expressing GUS under the control of the mutated versions had significantly altered expression pattern compared to plants expressing GUS from the wild type regions. Mutation of each occurrence of the M1-3 motifs in the context of HH24 resulted in total suppression of GUS expression in the plant (Fig. 7B) . Mutation of the motifs in the context of HH28 led to disappearance of GUS expression in the root meristem and overall reduced expression. However, expression in the collumella cells remained. Noteworthy in either case (HH24_mut and HH28_mut), no expression in the non-root organs was observed (data not shown). This result establishes that the motifs over-represented in the cis-regulatory regions of the root marker genes are necessary for proper root-specific expression.
Discussion
Here we report the identification of a set of new marker genes largely specific for the root organ and the characterisation of the regulatory sequences responsible for their expression. These genes were identified by mining the AtGenExpress datasets (Schmid et al., 2005; Kilian et al., 2007) for transcripts expressed at high levels in root organs, low levels in all other organs and expressed in roots independently of growth conditions. After assessing the degree of co-expression of these transcripts and their neighbours, we defined and characterized in details the role of intergenic DNA containing cis-regulatory elements responsible for their Fig. 4 -Expression of the reporters after germination. For each indicated regulatory region, plants were stained at 1, 2, 3 and 4 days after germination (DAG). GUS activity staining was stopped after 30mn for HH31 and HH32, 3 h for HH27, HH28 and HH29 and 24 h for HH24. Scale bar: 50 lm. expression in the root. These results are significant at two levels. First, the promoters we identified are a useful resource for functional genomics and genetics and allow for highly specific expression of transgenes. We systematically validated the expression pattern produced by the promoters. The majority of these regions are essentially root exclusive, a major difference over the several cis-regulatory regions used to drive expression in root (Xu et al., 1995; Elmayan and Tepfer, 1995; Nitz et al., 2001; Vaughan et al., 2006; Vijaybhaskar et al., 2008; Noh et al., 2012; Carlsbecker et al., 2010) but also showing expression in other organs or growth conditions. Second, we identified over-represented motifs in the cis-regulatory regions of the root marker genes and establish that these motifs contribute to the proper root-specific expression. In addition, we show that the same motifs are over-represented in orthologs root marker genes in the sister species A. lyrata unveiling an evolutionary conserved role in organspecific expression.
We used whole genome transcriptomic data and stringent criteria to select a reduced number of highly specific candidates. To our knowledge, this study is the first to apply such methodology to identify marker genes in a truly unbiased way. Previous studies relied either on the characterisation of single candidate genes (Elmayan and Tepfer, 1995; Nitz et al., 2001; Vaughan et al., 2006; Jeong et al., 2010; Noh et al., 2012) or on a screen based on promoter/enhancer trap lines (Vijaybhaskar et al., 2008) . The WRKY transcription factor (At1g68150) was previously recognised as root-specific gene in a related but more limited screen, which focused only on transcription factor genes (Czechowski et al., 2004) . Our results validate this candidate in vivo, identify its promoter region and further establish it as a stress-stable root marker. The gene At3G11550 was recently identified as CASP2, an endodermis specific gene localised to the Casparian Strip Domain (Roppolo et al., 2011 ).
An important, and a priori unexpected feature of the root marker genes identified is the evolutionary conservation of their root-specific expression. Indeed most of the orthologs of these genes are also expressed in a root-specific manner Fig. 5 -Pattern of expression of the reporters under stress conditions. For each indicated regulatory region, plants were stained after 6 h of growth in either 0.5MX at 23°C (control), at 4°C (cold stress), in presence of 300 mM mannitol (osmotic stress), 150 mM NaCl (salt stress), 10 lM of methyl viologen (oxidative stress) or at 38°C (heat stress). GUS activity staining was stopped after 30 min for HH31 and HH32, 3 h for HH27, HH28 and HH29 and 24 h for HH24. Scale bar: 50 lm. Embryos expressing GUS from the HH31 and HH32 regulatory region were stained for GUS activity at the heart, torpedo, bent cotyledon and mature stages. White arrowheads indicate the first stage at which expression is detected in the embryo. Open arrowheads the expression detected in the chalaza of line HH32. Scale bar: 20 lm (heart), 50 lm (torpedo, bent cotyledon and mature embryo).
in A. lyrata. In addition to providing a tool to assess root identity within the Arabidopsis genus, this result indicates that the root-specific expression of these genes is under evolutive pressure and not the result of the random selection of cis-regulatory elements. The very similar expression profile characteristics of this new set of root marker genes raises the question of the biological significance of their coordinate expression. A synexpression group is a type of non-random eukaryotic gene organisation in which genes, not physically linked, are coordinately expressed and involved in the same biological process (Niehrs and Pollet, 1999) . It is assumed that synexpression groups share common cis-and trans-acting control elements to achieve coordinate expression. Despite the high degree of co-expression and the existence of common motifs in the cis-regulatory regions of our gene set, the analysis of their functional GO revealed a wide variety of cellular components, molecular functions and biological processes. Thus, it is unlikely that these genes contribute to a single biological process. However, further work is required to characterise functionally their role in root biology.
Our method successfully identified and validated cis-regulatory regions conferring root-specific expression. One strength of our approach resides in the analysis of the organspecific expression of the candidate genes upon stress treatment and the subsequent experimental validation. Six out of the nine cis-regulatory regions tested showed expression in the root. Our method therefore identified a majority of cis-regulatory elements conferring root-specific expression. This success rate lies in our stringent definition of the candidate regulatory regions. We excluded genes for which at least one non-co-expressed gene was intercalated between the pair of co-regulated genes to select for cis-regulatory regions controlling the immediately surrounding genes. Only two of the tested region also showed expression during early embryogenesis. A likely reason for this is that in our bioinformatic analysis seed samples were classified as non-root organs, even though a significant portion of gene expression would come from the root in these samples. Several high resolution maps of the root transcriptome, across both developmental stages and cell types have been generated (Birnbaum et al., 2003; Nawy et al., 2005; Brady et al., 2007; Dinneny et al., 2008) . We observed an almost perfect congruence between the expression patterns we obtained experimentally for our six root-specific cis-regulatory regions and the inferred mRNA profile of the corresponding genes (Fig. S4) . This suggests that cis-transcriptional regulation is an important determinant of the root-specific expression of these genes even at cellular resolution. The only noticeable difference concerned the root-specific gene At5g43520 (line HH29) for which we observed expression predominantly in the endodermis and cortex of the mature root whereas its mRNA profile also includes higher expression in the stele. This difference can be explained either by the existence of mRNA post-transcriptional down-regulation mechanisms in the endodermis and cortex or by the lack of a stele-specific enhancer in our promoter constructs (Lee et al., 2006) . The absence of any small RNA hit for the At5g43520 mRNA suggests that post-transcriptional regulation by a si/miRNA is unlikely.
These cis-regulatory regions we have cloned open the possibility for the identification of important developmental inputs controlling the root specific expression of these sequences. In addition and as exemplified here, these regions provide the researcher with a tool for the targeted manipulation of gene expression specifically in the root. This collection nicely complement to the collection of enhancer trap lines generated by the Haseloff lab (Haseloff, 1999) and widely used by the community to express genes in defined tissue of the root. However, these promoter constructs do not require any transactivation factor and their evolutionary conservation implies a wide use across a range of accessions and genotypes.
Our in silico analysis of the motifs enriched in the cis-regulatory regions revealed three motifs significantly over-represented in these root-specific genes in A. thaliana and A. lyrata. Mutation of these motifs, altered the expression pattern produced by these cis-regulatory regions, establishing their functional relevance. The over-represented motifs we identified have been functionally linked to light-mediated regulation of gene expression. The M3 motif is very similar to the SORL-REP2 motif linked to light-repressed promoters (Hudson and Quail, 2003) . The M1 and M2 motifs (similar to Z-box and Ibox respectively) are enriched in promoters of light-induced genes and to confer responsiveness to a wide variety of light qualities (Yadav et al., 2005; Yadav et al., 2002; Arguello-Astorga and Herrera-Estrella, 1998) . In the AtGenExpress experiment two sets of plants were used as source of root samples. Some grown on soil (with roots in the dark) and others grown on plate (roots exposed to light). Although highly similar, both experimental sets differ by expression of lightinduced genes (Schmid et al., 2005) . However, our set of root marker genes does not respond to the presence or absence of light in the AtGenExpress dataset, suggesting that these motifs exert compensatory effects in response to light. In addition to ruling out the existence of a unique pan-root enhancer, this supports a model in which root-specific expression is achieved by the combination of several signals.
Our method identified a set of evolutionary conserved root markers that provides the plant research community with new tools to query the identity of root organ in the genus Arabidopsis. In addition, the isolation of the cis-regulatory sequences of these genes opens the possibility of targeted mis-expression of genes specifically in the root. This is of interest for engineering resistance against pests, for improving tolerance to abiotic stress or to improve uptake of nutrients through root.
Methods
Bioinformatic approaches
Raw expression data files were obtained for the development and abiotic stress AtGenExpress datasets (Schmid et al., 2005; Kilian et al., 2007) . The two datasets were independently preprocessed and normalised using the Affy-package available in the Bioconductor software suite (Gentleman et al., 2004) . Raw expression level data were normalised applying the GCRMA method (Irizarry et al., 2003) and subsequent analysis were performed with the average value obtained of each triplicate of each condition. Identification of the root marker genes in the developmental and stress dataset, calculation of PCC between each candidate gene and its neighbour as well as heatmap generation were performed in R (www.r-project.org). Gene annotations and genomic sequences were automatically retrieved using home made perl scripts.
To identify motifs over-represented in the root-specific cisregulatory regions, these regions were analysed by Weeder (Pavesi et al., 2004) , MeMe (Bailey et al., 2009) and MDScan (Liu et al., 2002) . The background used for comparison in the MeMe and MDScan algorithm consisted in 28,000 3 Kb long repeat-masked cis-regulatory regions. Weeder provided its own background motif set. All three methods identified M1 (TACATGT), M2 (ACTTATA) and M3 (ATAAAAC) as over-represented motifs in our set. To prove the co-occurrence of these motifs does not happen by chance, 1000 randomly chosen sets of 9 sequences of same length as the root-specific sequences were selected from the 28,000 masked promoter sequences and each of the three motifs were scanned in the root-specific and randomly selected sets using method described in (Wasserman and Sandelin, 2004 ) (using a cutoff value of 85% profile similarity). The distribution of the number of sequences having all these motifs was recovered and the pvalue estimated by fitting this distribution to a normal one and calculate the significance of the observation.
Generation of reporter constructs
The regulatory regions were amplified by PCR from genomic DNA using high fidelity polymerase (HotStart, Qiagen). The PCR products were cloned in pENTR-D Topo (Invitrogen) and verified by sequencing. The regulatory regions were then recombined in a T-DNA vector upstream of a GFP:GUS::terminator cassette (pKGWFS7, Karimi et al., 2007a,b) . Plants were transformed by floral dipping method (Weigel and Glazebrook, 2002 ).
4.3.
RT-PCR analysis RNA from either leaf or root of 4 week old A. lyrata plants was extracted using a phenol-based protocol (Marin et al., 2010) . Two micrograms of DNAse-treated total RNA were used for cDNA synthesis (SuperscriptII, Invitrogen). Sequence of the primers used can be found in Table S3 . Amplification of actin 2 (At3G18780) was used as a reference. The primers used on A. lyrata were identical to the ones used for A. thaliana.
Mutagenesis
Mutation of cis-regulatory motifs in the HH24 and 28 regions was made by gene synthesis (Invitrogen). Exactitude of the mutagenesis was checked by sequencing.
Plant growth
A. thaliana plants are of the Columbia ecotype (Col-0). A. lyrata ones of the ssp. petrae. For in vitro culture, seeds were surface-sterilized (70% ethanol; 0.01% SDS) and germinated on 0.5X MS medium (Murashige and Skoog, Sigma) supplemented with kanamycin (50 lg ml À1 -for A. thaliana).
After cold treatment at 4°C for 48 h in the dark (3 weeks for A. lyrata), plates were kept in a growth chamber (16 h light/ 8 h dark photoperiod) with 150 lmol m À2 s À1 of fluorescent light at 23°C (16°C for A. lyrata). Plants were cultivated during 7-10 days after germination for segregation analysis and histological expression analysis. To follow the expression of the root promoters during germination, seeds were stratified and germinated in the same conditions, plates were vertically placed and seedlings were collected at 1, 2, 3, 4 and 7 days after germination (DAG). For the stress experiments, seeds were stratified for 48 h, then grown on 0.5X MS-agar for 7 days before being transferred to liquid 0.5X MS medium and either grown for another 6 h in the growth chamber (control) or treated as follows: 4°C for 6 h (cold stress), 38°C for 3 h followed by 3 h at 23°C (heat stress), 300 mM mannitol for 6 h (osmotic stress), 150 mM NaCl for 6 h (salt stress) or 10 lM methyl-viologen (Sigma-Aldrich) for 6 h (oxidative stress).
To follow the expression of the root promoters during seed development, plants were grown in greenhouse and flowers of Col-0 and transgenic plants expressing the GUS:GFP root reporters were marked as described in (Baud et al., 2007) .
The siliques and seeds were collected and dissected at 5, 6, 7, 8, 9, 10 and 14 days after anthesis.
Histological analysis
For histochemical localisation of b-glucuronidase (GUS) activity, tissues were incubated in phosphate buffer (50 mM -pH7) containing 2 mM each of potassium ferrocyanide and potassium ferricyanide, 0.2% of triton X-100 and 2 mM of 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid cyclohexiammonium salt (X-Gluc)(ImmunoSource). Incubations were in the dark at 37°C, for 15 min to over-night depending on transgenic line. Reaction was stopped with ethanol bath (20%, 35%, 50% -30 min each), tissues were post-fixed for 30 min in FAA (ethanol 50%; formaldehyde 5%; acetic acid 10%) and finally washed and conserved in ethanol 70%. Whole plants were then directly observed under a macroscope (Nikon). Germinating seedlings, developing seeds and excised embryos, samples were cleared and mounted in Hoyer's medium (100 g chloralhydrate dissolved in 30 ml of water and 15% glycerol) and observed after 24 h under a macroscope equipped with Nomarski optics (Nikon).
Histological sections were performed after GUS staining. Roots conserved in 70% ethanol, were dehydrated in ethanol bath (90%, 100% -40 min each). Specimens were then treated as described in (Beeckman and Viane, 2000) . Briefly, samples were gradually infiltrated with Tecknovit resin by increasing the ethanol/Tecknovit ratio: 90%/10%; 70%/30%; 50%/50%; 30%/70%; two times in 100% Teknovit. Each step lasted 40 min to 1 h. Resin is Tecknovit 7100 (Heraeaus Kulzer, Wehrheim, Germany) supplemented with hardener I. Roots were then placed in pre-embedding moulds consisting of two transparent plastic sheet separated by double-sided tape in which a drop of Tecknovit solution (Tecknovit 7100 + hardener I + hardener II) was poured (De Smet et al., 2004) . After overnight polymerisation at room temperature, pre-embedded samples were re-embedded in larger moulds for sectioning. For transverse sections, desirable piece of pre-embedded root was cut from the mould in trapezoid form, placed in a 0.5 ml microtube, covered with 0.4 ml of Technovit solution and polymerized overnight vertically at room temperature. For longitudinal sections, desirable piece of pre-embedded root was cut from the mould, positioned horizontally at the bottom of an embedding cassette (Histoform S, Heraeaus Kulzer, Wehrheim, Germany) and covered with 1 ml of Technovit solution. The blocks were sectioned on a rotary microtome (7-8 lm LEICA, RM2155) and serial sections were collected on drops of distilled water distributed on slides. The slides were then dried at 50°C on a hot plate, stained with ruthenium red and mounted in Eukitt. Sections were observed on a bright field microscope (DMI6000B LEICA).
